One technical solution often suggested for alleviating water scarcity is to increase the efficiency of 12 irrigation water use. In Spain, several plans have been launched since 2000 to upgrade irrigation 13 infrastructures and thereby achieve water savings equivalent to 2,500 hm 3 /year and promote rural 14 development. The present study uses a footprint approach to evaluate the impacts on land, water, 15 energy, and carbon emissions of the implementation of irrigation modernization policies in 16 agriculture in Spain between 2005 and 2011. The results show that during the period studied, the 17 irrigated area remained stable (+0.3%), although there was a shift in crop patterns, with low-value 18 non-permanent crops being replaced by high-value permanent crops. The water demand for 19 irrigation decreased by 21%; half of this is explained by the shift in crop patterns and the reduction 20 of the consumptive fraction (i.e., blue water footprint), and the other half by the cutback of return 21 flows associated with the higher efficiency of the irrigation infrastructure. Changes in water demand 22 have been accompanied by a progressive substitution of surface water for groundwater. Reduced 23 water demand for irrigation has brought a reduction of 13% in water's energy footprint and 21% in 24 its carbon footprint. In relative terms, water efficiency (m 3 consumed/m 3 irrigated) has increased by 25 8%, although this has also increased the energy intensity (kWh/m 3 ) to 9%. The emission rate 26 (KgCO2 equiv./m 3 irrigated) has decreased by 12% as a result of the drop in the emission factor of 27 electricity production. Overall, irrigation modernization policies in Spain have supported the 28 transition from an irrigation sector that is less technified and heavily dependent on surface water into 29 one that is more productive and groundwater-based. From a resource-use perspective, such transition 30 has contributed to stabilizing or even decreasing the irrigated land, and surpass the annual water 31 savings target of 2,500 hm 3 , although it has also made the sector more energy-dependent. Despite the 32 overall positive outcomes, the observed water savings are masked by various synergistic factors, 33 2 including favorable climatological conditions toward the end of the study period, which contributed 34 strongly to curbing overall irrigation water demand. In the light of the higher frequency of observed 35 droughts in Spain, the investments done so far do not guarantee that the planned water saving targets 36 can be sustained if not complemented with additional measures like restricting irrigated area and/or 37 setting caps for water intensive crops.
. Methodological approach of the annual water, energy, and carbon footprint calculation 120 2.1 Water footprint 121 To quantify the annual consumptive use of water for irrigation we used the water footprint (WF) 122 accounting methodology developed by Hoektra et al. (2011) and refined for the specific case of 123 Spain by Garrido et al. (2011) . The WF is here understood as the consumptive fraction of green (soil 124 moisture) and blue water (surface and/or groundwater irrigation) embedded in the production of an (1) 129 where WFgreen (hm 3 ) represents the annual green water footprint of crop j and NUTS3 z and WFblue 130 (hm 3 ) is the annual blue water footprint. The WF analysis in this study was limited to the 49 most 131 important irrigated crops in the open air (equivalent to 90% of the irrigated area in Spain in 2011) 132 according to MAGRAMA (2015a) . 133 The annual WFgreen of a crop j in a NUTS3 z equals the sum of the monthly (g) effective precipitation 134 (Peff) during its cultivation period when the crop water requirements (CWR) are not met. 
where Sirr (ha) is the irrigated area in year i and was obtained from the Yearly Agricultural Statistics 138 of the Spanish Ministry of Agriculture (MAGRAMA, 2015a) . , (mm) = 0.6 × − 10, < 75 143 CWR was estimated based on the reference evapotranspiration (ETo) in month g and NUTS3 z, and 144 the crop coefficient (Kc), which is the ratio of water requirements along the different growth stages. until September 2011, and estimated using the approach by Penman-Monteith (Allen et al., 2006) .
149
Planting and harvesting dates were obtained from MAPA (2001b) qplot was calculated taking into account the relative energy consumption (ω, kWh/m 3 ) of each 193 irrigation system σ and the area ratio (Sσ,) each system occupies per NUTS3 and year. Sσ was obtained from the annual crop surveys (MAGRAMA, 2015b) and included in Appendix B. Table 1 195 summarizes the ω values used in the analysis. pumping and transportation per irrigation system σ and the annual Sσ.
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where ωpump is the average energy consumption (kWh/m 3 ) associated with water withdrawal and 203 transportation for an irrigation system σ (see Table 1 ).
204
qpump GW was calculated based on the energy requirement to lift the water and following the method 240 We performed a multivariate analysis to understand the variability of irrigated crops across the (Table 3) . (Figure 2b) contributed to lowering the unitary groundwater pumping costs (q pump GW) ( Table   266 3), despite the overall increase in groundwater use. qpump GW accounted for up to 75% of the total 267 energy costs linked to groundwater irrigation in 2011, and during the period analyzed, this variable 268 reduced by 3.9%. The evolution of the CF also follows a downward trend (Figure 2c) . The largest fraction of return flows during the two reference years corresponds to RFSW, and to a 294 lesser extent to RFGW (Figure 3a) . Over time, the RFGW remained stable, while the RFSW decreased by 295 30% between 2005 and 2011.
Characterization of Spanish irrigated systems
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The shifts in crop patterns and sources of water for irrigation also led to changes in the crops' EF 297 (Figure 3b ). The decrease in the irrigation of non-permanent crops translated into a 35.7% reduction 298 of its EFBlueSW (equivalent to -617 GWh), and a 39.8% decline in its EFBlueGW (equivalent to -526 299 GWh). This downward trend is linked to the decreasing irrigation of cereals, industrial crops, and 300 vegetables, and consequently of its surface and groundwater EFs.
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The growing cultivation and irrigation of woody permanent crops with groundwater led to a 12.0% 302 increase in its EFGW (equivalent to +197 GWh). This increase is mainly due to the rise in the EFGW 303 of olive and citrus trees.
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The CF follows a similar trend to that of the EF, although in the CF case a generalized decrease is 305 observed for all crops and sources of water (Figure 3c) . The CFSW and CFGW of non-permanent crops 306 exhibits the largest changes, with a net reduction of 54.4% (equivalent to -395 million kg CO2 307 equiv.), and 50.5% (equivalent to -306 million kg CO2 equiv.). These sharp decreases are linked to 308 the reduction of the CFSW of cereals and industrial crops and, similarly, to the decline of the CFGW of 309 cereals and vegetables. With respect to the permanent crops, the CFSW also decreased overall by 
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Alongside with the net changes in water, energy and emissions reduction, in the relative efficiencies 320 have also experienced remarkable changes (Table 4 ). From a water perspective, the efficiency of 321 irrigated agriculture has improved by 7.6%. However, the increase in water use efficiency has made 322 the irrigation systems more energy-dependent, increasing the relative energy costs by 9.2%. From an 323 emissions perspective, the emission rate follows the evolution of the emission intensity of the 324 electricity production mix. This intensity increases, initially driven by an increasing penetration of 325 combined cycle natural gas (with very high associated CH4 emissions); it starts to decrease 326 afterwards due to the penetration of renewable energies. The observed increment in the last period is 327 due to the domestic coal promotion policy initiated in 2010. Overall, there was a reduction of 11.7% 328 between the beginning and the end of the period analyzed. The results of the FA showed that the observed variability of Spanish irrigated agriculture can be 334 described by two main factors (Figure 4) : 1) the size of the irrigated schemes; and 2) the 335 specialization in the production of crops and use of certain water sources. These two factors explain 336 together 61.8% of the spatial and temporal variability observed.
337
Overall, the larger WF, EF, and CF are linked to the administrative regions with large irrigated in 2011, this would have led to a 9% decrease in the Irr (equivalent to net reduction of -2,344 hm 3 ).
375
Under this scenario, net savings attributed to efficiency improvements would only have reached +1,800 376 hm 3 . These findings are in line with other studies (i.e., Birkenholtz, 2017; Lopez-Gunn et al., 2012; 377 Molle et al., 2017; Pfeiffer and Lin, 2014); and where it has been proved that water use efficiency 378 policies have failed to achieve ambitious water savings targets and, in the worst case, to lead to an 379 increase in water consumption. 
